S
tereochemically constrained amino acid residues can be effectively used to nucleate specific polypeptide secondary structures like ␣-helices and ␤-hairpins (1). ␣-Aminoisobutyric acid (Aib) and related ␣, ␣-dialkylamino acid residues have been used in the design of well characterized polypeptide helices (2) (3) (4) (5) . The design of ␤-hairpins is facilitated by the introduction of centrally positioned D-Pro-Xxx segments into polypeptide sequences (6) (7) (8) . Several examples of crystalline ␤-hairpins have been designed (9) (10) (11) , and the extension of this design strategy to the construction of multistranded ␤-sheet structures has been reported (12) (13) (14) . The availability of relatively rigid modules of secondary structures permits the construction of synthetic peptides incorporating multiple structural elements. The crystal structure determination of the 17-residue peptide Boc-Val-AlaLeu-Aib-Val-Ala-Leu-Gly-Gly-Leu-Phe-Val-D-Pro-Gly-LeuPhe-Val-OMe (OMe, methyl ester) provides an example of both helical and ␤-strand segments in a designed synthetic sequence (15) . In the Lego set approach to the construction of designed polypeptides, units of secondary structure may be assembled by using linking segments of potentially defined conformational properties. In such an approach, stereochemical control over polypeptide chain folding may be achieved principally through local conformational constraints, imposed by nonbonded interactions; the structural stability of the domains is enhanced by intramolecular hydrogen bonding in the helices and hairpins. In exploring the Lego set approach to de novo protein design, we designed and synthesized a 19-residue peptide HBH-19 ( Fig. 1) , which was anticipated to have well defined helical and hairpin domains. The choice of the sequence Boc-Leu-Aib-Val-AlaLeu-Aib-Val-D-Ala-D-Leu-Leu-Val-Phe-Val-Aib-D-Val-LeuPhe-Val-Val-OMe was based on the previously determined structures of the peptide Boc-Leu-Aib-Val-Ala-Leu-Aib-Val-DAla-D-Leu-Aib-OMe (LAD 10, a right-handed helix terminating in a Schellman motif) (16) and Boc-Leu-Phe-Val-Aib-D-AlaLeu-Phe-Val-OMe (UDA8), which yielded a ␤-hairpin in crystals (17) . The structures of the crystallographically characterized fragments corresponding to residues 1-9 and 11-18 of the designed sequence are illustrated in Fig. 1 . We describe in this report the crystal structure of HBH-19, which forms a long continuous right-handed helix encompassing the entire length of the sequence despite the presence of as many as three D amino acids, including a centrally placed double-D segment (Fig. 2) .
Abbreviations: Boc, t-butoxycarbonyl; OMe, methyl ester; Aib, aminoisobutyric acid (U, one-letter code) (dimethyl glycine); ␣R, right-handed ␣-helix. Experimental Methods Peptide Synthesis. The 19-residue peptide HBH-19 was synthesized by conventional solution phase procedures by using a fragment condensation strategy. t-Butyloxycarbonyl (Boc) and methyl ester groups are used for N-and C-terminal protection, respectively. Peptide couplings were mediated by N,NЈ-dicyclohexylcarbodiimide and 1-hydroxybenzotriazole. The final fragment coupling was achieved by using the segments 1-9 and 10-19. The peptide was purified by medium-pressure liquid chromatography on a reverse-phase C 18 (10-60 m) column, followed by HPLC on a C 18 (5-10 m) column with methanolwater gradients. The identity of the final peptide was confirmed by matrix-assisted laser desorption ionization mass spectrometry [M obs ϭ 2,106 Da; M calc ϭ 2,104 Da M ϩ Na ϩ ] and complete assignment of the 500-MHz 1 H NMR spectrum. Crystallization attempts from aqueous methanol proved unsuccessful. Crystals suitable for x-ray diffraction were obtained after dissolving the peptide in a hot methanol-water-toluene mixture, followed by slow evaporation at room temperature.
X-Ray Diffraction.
A crystal in the form of a wafer, 0.27 ϫ 0.27 ϫ 0.04 mm in size, was used to collect x-ray diffraction data on a Bruker (Billerica, MA) charge-coupled device diffractometer by using a high-intensity rotating anode (Cu radiation) to a preset limit of 67°for (0.83-Å resolution). Due to the very weak reflections at the larger scattering angles and the resulting uncertainty in the intensity measurements, the experimental data were limited to a resolution of 1.0 Å. The structure solution process was not automatic. The inclusion of three D residues in the 19-residue sequence made the prediction of the overall conformation of the backbone uncertain. Accordingly, various models for hairpin turns, 3 10 -helices, and ␣-helices were used in vector search procedures for rotation and translation of a known model (18, 19) .
A model consisting of an ␣-helical 15-atom fragment from the central portion of Boc-Val-Ala-Leu-Aib-Val-Ala-Leu-Val-AlaLeu-Aib-Val-Lac-Leu-OMe (20) yielded one turn of an ␣-helix in HBH-19 after rotation, translation, and partial structure extension with the use of the tangent formula (21) . A slow accretion of atoms in the structure occurred after each of many single cycles of tangent formula extension and difference maps, until 90 atoms were located. During these procedures, the 20 CAO moieties appeared as single elongated peaks. After several isotropic least-squares refinements, the CAO moieties separated into single peaks for the C and O atoms, and additional atoms were located at the flexible N and C termini, as well as some in the flexible side chains of Leu and Phe residues. The complete 148-atom peptide appeared during anisotropic refinement. After the addition of 179 hydrogen atoms in idealized positions and three water molecules, R 1 was still at 12.5%. Large voids were present in the crystal in a direction lateral to the helices. The cross sections of the voids are Ͼ10 Å. One toluene molecule occurring with three of its C atoms on a 2-fold rotation axis was clearly visible. Another two toluene molecules that were loosely fitted into spaces between the peptide molecules were discernable. The C atoms in the three toluene molecules were restrained to give ideal bond engths of 1.39 Å in the ring and 1.53 Å to the CH 3 group. For the crystal with a formula containing (4, 22) , for example, where positive and values for ␣-helices consisting of L residues are ''partially allowed'' and, by inference, negative and values for D residues in ␣-helices. Experimental observations of the incorporation of single D residues in righthanded helical peptides or, conversely, L residues into lefthanded helical segments are available (23, 24) . A double D residue segment in a 13-residue right-handed helix has been reported in crystals (25) . The present structure is an example of three internal D residues incorporated into a continuous ␣ R The only indication in Table 1 among the values of torsional angles that D residues are present is the values for the CЈ i-1 N i C␣ i C␤ i () angles. The angle assumes values near ϩ75°for the D residues rather than near 180°, as is common for the L residues. Hydrogen bond parameters are listed in Table 2 . There are 14 consecutive hydrogen bonds of the 531 type, with N-O distances that range from 2.895 to 3.022 Å, except for N9-O5 (2.865 Å) and N11-O7 (3.093 Å) that may have been mildly disturbed by the presence of D residues, D-Ala 8, and D-Leu 9. At the C terminus, one weak 431 type hydrogen may be present. Both the N19-O16 and H19-O16 distances are long; there is no other possibility for N19H to participate in a hydrogen bond. Near the C terminus, N1H makes a direct hydrogen bond to O18a of the next molecule in the head-to-tail region of the continuous column of helices. N2H is a donor to a water molecule W1, which in turn is also a donor to O18a and W2a. W2a is also a donor to O17a. W2a and W2b (not shown) are related by a 2-fold rotation axis, and their locations are too close to each other (2.20 Å) for coexistence. Hence, each location can have only one-half occu- pancy. W3 forms a hydrogen-bonded bridge between N4 and O0 and, in addition, forms a link to carbonyl oxygen O15b in a lateral peptide molecule. Finally, O1 is at a transition point between a short segment of a 3 10 -helix and the long ␣-helical portion. All of the hydrogen bonds are inside the extended helical column or three water molecules that link the helices in a head-to-tail fashion.
The helical columns have a totally hydrophobic surface without any possibility for hydrogen bonds between the columns. Fig.  3 shows three adjacent columns with antiparallel packing. The pair on the left has numerous van der Waals contacts between the ends of the side chains with C-C distances of 3.8-3.9 Å, between the adjacent molecules. For the peptide pair on the right, there is ample space for cocrystallized solvent molecules as shown in Fig. 4 . Three toluene molecules, T1, T2, and T3, and their symmetry mates, T2Ј and T3Ј, fill the hydrophobic space quite efficiently. There are appropriate van der Waals contacts between the toluene molecules and the hydrophobic side chains of the peptide helices with C-C distances ranging from 3.54 to 4.02 Å.
A view into the helices shows the formation of the channel by four ␣-helices (Fig. 5) . The channel is in the shape of a straight tube but is irregular in cross section. It appears to be continuous along the c axis direction. The walls of the channel are stabilized by van der Waals contacts of 3.7-3.8 Å between the phenyl group of Phe-17 of one helix and atoms C2B and C3G1 of an adjacent helix, as well as similar contacts between C5D1 and C3G2 of other adjacent helices around the channel. Notably, the toluene molecules accommodate their orientations to the irregular shape of the channel. There is no -stacking or distinct T shaped approaches between the rings of the toluene molecules or with the rings of the peptide helix (Fig. 4) . The only close approaches are between C3T of T1 and C14T of T2, at 3.66 Å; between C16T of T2 and C12F of Phe-12, at 3.69 Å; and between C25T of T3 and C17F of Phe-17, at 3.66 Å.
The present example illustrates clearly the surprises that may lie in store in the area of designer peptides. The octapeptide sequence in Boc-Leu-Phe-Val-Aib-D-Ala-Leu-Phe-Val-OMe adopted a ␤-hairpin conformation, nucleated by an Aib-D-Ala Type IЈ ␤-turn, as anticipated by design (17) . In contrast, the closely related segment -Leu-Phe-Val-Aib-D-Val-Leu-Phe-Val-adopts a right- handed helical conformation in HBH-19. In the peptide Boc-LeuAib-Val-Ala-Leu-Aib-Val-D-Ala-D-Leu-Aib-OMe a right-handed helix is formed over the segment 1-7, with D-Ala adopting an ␣ L conformation resulting in the formation of helix terminating Schellman motif. Further, a peptide chain reversal stabilized by a CH⅐⅐⅐O bond was observed at the C terminus (16), a feature also observed in protein structures (26) . Dramatically, the corresponding segment transforms into a right-handed helix in HBH-19. The energetic penalty for incorporating D-Ala residues into an ␣ R conformation has been estimated as 1.2 kcal⅐mol Ϫ1 (27) . Presumably, the formation of a continuous hydrogen bond network offsets this disadvantage. Examination of the structure in the vicinity of the D residues suggests no apparent discomfort in accommodating them in an ␣ R conformation. The crystal structure of HBH-19 has provided a serendipitous observation of a mode of helix aggregation, which leads to formation of long hydrophobic channels that traverse the length of the crystal. The space between the two adjacent helical columns accommodates a series of five toluene molecules. The three D residues are not oriented close to the channel, suggesting that they do not influence the shape of the channel. It is possible that formation of the channel may be facilitated by aromatic interactions (28) between Phe-17 and the proximate toluene molecule.
We thank S. Aravinda for help with generating figures. This research was funded by a Program Support Grant from the Department of Biotechnology, Government of India (Bangalore, India). The work at the Naval Research Laboratory was supported by National Institutes of Health Grant GM30902 and the Office of Naval Research. 
